The addition of a list mode data type to the Digital Imaging and Communications in Medicine standard, DICOM will enhance the storage and transmission of digital microscopy data and extend DICOM to include flow cytometry data. This would permit the present International Society for Analytical Cytology Flow Cytometry Standard to be retired. DICOM includes: image graphics objects, specifications for describing: studies, reports, the acquisition of the data, work list management, and the mdividuals involved (physician. patient, etc.). The glossary of terms (objects) suitable for use with DICOM has been extended to include the collaborative effort of Logical Observation Identifier Names and Codes (LOINC) and Systematized Nomenclature ofHuman and Veterinary Medicine (SNOMED) to create a consistent, unambiguous clinical reference terminology. It also appears that DICOM will be a significant part of the Common Object Request Broker Architecture, CORBA.
INTRODUCTION
A recent publication1 described the proposed third version ofthe International Society for Analytical Cytology, ISAC, Flow Cytometry Standard (FCS) to permit data interchange. Unfortunately, the proposed FCS 3.0 is neither suitable for electronic transmission of data nor as an active data store for flow cytometry data. However, FCS 3.0. is a reasonable format for archiving data. The simplest long term solution2 is to replace FCS 3.0 with the Digital Imaging and Communications in Medicine3'4'5, DICOM 3.0 standard. The addition of a list mode data type to DICOM Supplement 15, Visible Light Image, Anatomic Frame of Reference, Accession, and Specimen for Endoscopy, Microscopy, and Photography6 will be of use for digital microscopy and will suffice for extending Supplement 15 to include flow cytometry. The use ofDICOM directories permits the binary data produced by analytical cytology instrumentation to be stored in and transmitted as multiple files. The utility of employing DI-COM for flow cytometry will be demonstrated with an example based on the requirements specified from the clinical flow cytometry literature.
The first steps in designing a medical software project are to determine the requirements and perform a preliminary hazard analysis7. Since software standards, such as FCS 3.0 or DICOM 3.0, specify at a detailed level the format and methods (functions and procedures) of data types, these standards are part of the development of medical devices. There has been only one significant change proposed to either the requirements or hazards that we previously published and posted on the ISAC Web Site8. There was an unofficial consensus at the International Society for Analytical Cytology, ISAC, Asilomar 1997 meeting that the Flow Cytometry Standard including its third version, FCS 3.0, was not designed for data transfer over the Internet or similar medium. FC S was designed primarily for data storage. Since there is an obvious need to transfer data between laboratories, the requirement for data transfer has been kept and has been expanded to include the use of the Internet. DICOM Supplement 1 5, "Visible Light Image, Anatomic Frame ofReference, Accession, and Specimen for Endoscopy, Microscopy, and Photography", requires a small addition to include the data produced by the two major methodologies of analytical cytology , digital microscopy and flow cytometry. The list mode data format, which is presently primarily associated with flow cytometry, must be described as additional DICOM Information Object (class). List mode data is presently described9 as "a continuous bit stream with no delimiters" .A list mode file can be represented as an array of one to the total number of cells where each element of the array includes the data associated with one cell or particle.
ANALYTICAL CYTOLOGY REQUIREMENTS FOR DICOM
Req. I Analytical cytology data must be formatted to permit the information to be accessed by multiple programs including those created by third parties. Req.2 The analytical cytology data together with other relevant data such as that described in Supplement 15 must be in a form where it can be reliably transferred between computers of the same or different types. The data transfer can be: by the transfer of media, such as CD-ROMs, over an intranet (local area network), or via the Internet. Req. 3 The analytical cytology data format should facilitate archival storage. Req. 4 The addition of flow cytometry data should result in minimal additions or changes to the existing DICOM Standard.
In fact, since the proposed list mode data type is useful for digital microscopy, no flow cytometry specific additions are proposed. The changes to the existing DICOM standard have been minimized by the use of inheritance where the new data structures are derived from already existing data structures. The bivariate histogram and list mode data formats described below are examples of this.
3. Flow Data File Classes:
Since the cell parameter data produced by the flow cytometers and cell sorters is most often the largest component of any file or data transmission, it will be discussed first. Flow instruments employ analog to digital converters ADCs to convert information describing the electronic pulses from each of the measured parameters into unsigned integers, which range between 8 and usually 16 bits. An effective increase in this range can be achieved by employing multiple gains on the preamplifier associated with each ADC. In any event, for the present and normal five to ten year period between revision of a standard, unsigned 32 bit integers should be more than sufficient to store the data produced by any flow cytometry or digital microscopy transducer. The dynamic range of available ADCs and of the actual signals is less than 1 to 232 (4 billion). Although, the mathematical functions employed to analyze and combine parameters can result in data that is expressed in a floating point format, the precision of these calculations is still limited to the precision of the original integer data. Therefore, after appropriate scaling, the data in floating point format can be transformed into a suitable unsigned integer format without any loss of precision. In fact, the resolution of transformed or normalized data is usually less than one part per thousand.
FCS presently stores three representations ofthe data. The first is described9 as an 'unconelated univariate histogram". This is the very common single parameter histogram of an experimental or calculated value (ordinate) versus an evenly spaced set ofvalues (abscissa), such as integers. For flow cytometry, this is a pulse-height distribution, the number ofevents that occurred for a given ADC increment. The ordinate values are the number ofevents with the same ADC value and the abscissa is the ADC values. which corresponding to the number of channels (bins) employed to resolve the data. The second is described9 as a "correlated multivariate histogram". By far, the most common form of this is the bivariate histogram is the familiar x versus y plot. The third is list mode, which was briefly described above. The data is expressed as an array equal to the number of events (individual cells or particles) with each event consisting of one or generally more parameters. The total number of bytes and the layout of the fields which describe each of the events is constant for all events.
Uncorrelated univariate histograms:
The DICOM Curve class can be used to model these or alternatively, the histograms can be put into a text file. Supplement 23 defines10 the CURVE Class (Table 1) to be a binary representation ofvector (n-dimensional) data. The data types in Table  1 which describe DJCOM Curves were abstracted from the Registry ofDICOM Data Elements3 Paft 6 The Curve class has been provided with only a minimal specification. The Curve class3 Part 3 includes all of the information necessary to plot single parameter data and a Curve Directory Record Type which permits the storage of multiple files each of which contains one or more curves. These curves can have up to 216 values, which all are of one data type. The data types for Curves include: unsigned short (unsigned 16 bit integers), signed short (signed 16 bit integers), floating point single precision, floating point double precision, and signed long (signed 32 bit integers). Both ASCII data and Unsigned 32 bit integers, which are standard FCS 3.0 numeric types were omitted from DICOM Curves. However, unsigned 32 bit integers are a standard DICOM data type. 
Sequence of Items
This permits multiple curves to be in 1 file.
(0020,0024) Curve Number The first column contains the unique 32 bit unsigned number which is the Hexadecimal Tag that uniquely identifies the data type. The column labeled #Val. specifies the number ofvalues for the item. For instance, one axis can have multiple labels. The last column, Length in Bytes, shows either a constant or the maximum, Max., number of bytes for the data type.
3.2.1. Tab Delimited Format: Often, multiple histograms of the same length are best kept together in the same file. The simplest solution is to employ the standard commercial software format that is employed to import text files into spreadsheets. The total number of events for each parameter will be placed sequentially on one line and be separated by a "Tab". Table 2 is a simple example of this. The first line has the name of each parameter. The number of lines minus one will equal the range (length) of the histograms. The total number of events or other ordinate value is expressed as either a DICOM Integer String (12 bytes) or a Decimal String (16 bytes). This is equivalent to but simpler than the FCS 3.0 use of the ASCII data type. Although this proposed Tab Delimited Format data type is not absolutely essential for or even specific to analytical cytology, it would facilitate the exchange of data. As stated above, the most common version of this is the ubiquitous two dimensional graphs which are present in scientific publications. These are also generated by conventional off-the-shelf software, such as spreadsheets. They can be described emploing DICOM, PART 3: Information Object Definitions, Section C.7.6.3i Image Pixel Attribute Descriptions with two changes. The origin (0.0, 0.0) must he set at the lower rather than the upper left hand corner. For two dimensional graph data, the order of pixels sent for each image plane will be left to right, bottom to top (lower left pixel, followed by the remainder of row 1, followed by the remainder of the columns). Concerning Samples per Pixel, the DICOM Standard allows but does not define more than 4 separate image planes per pixel. Since often, flow data is presented with each cell population being assigned a different color and more than 4 different types of cells are present, an extension to the standard is required. This increase in the number of image planes is also required for presenting the data from digital microscopes, which often produce a greater number of parameters than flow cytometers.
An increasingly common display in Analytical Cytology is a rotating cube. Three of the parameters correspond to the x, y, and z axes. Three or more additional parameters can be displayed as colors. The data for these displays is often in list mode format (Section 3.4).
The capacity to label human or algorithm selected areas of a bivariate distribution is provided by Part 3, Section A. I .2.7. It defines an overlay as being able to be represented in bit-mapped, graphics or text formats and being "used to indicate such items as region of interest, reference marks and annotations."
List Mode Files:
Neither the DICOM Visible Light Image Supplement nor Part 3 describes a data structure which could be used for list mode data. Two existing data types, Pixel Data Type and CURVE, can be extended or modified to include list mode data.
3.4.1. Pixel Data Approach: Removing the columns from the Pixel Data type6 results in a single row. Presently, the number of pixels in a row is equal to the number of columns. Both the number of columns and rows are 16 bit unsigned Integers. The number of cells or particles often exceeds 216. Therefore the range must be extended to 32 bit unsigned integers. The individual values for each cell can be treated as described for Planar Configuration which can be set to color-by-pixel. Each pixel has a multiparameter color vector. The present standard, as stated above, does not define more than four parameters. This increase will also be needed for modem multiparameter digital microscopes and confocal microscopes, particularly those equipped with spectrometric capabilities.
DICOM Curve Approach:
The changes to the DICOM Curve class required for use with list mode data are: 1) all of the 16 bit unsigned integer types in Table 1 need to also be available as 32 bit unsigned Integers; and 2) the requirement3 3, .'An dimensions shall have the same value representation." must be changed to permit the parameters associated with cells to be of different data types.
Measured parameters:
The limitation of representing the measured parameters by unsigned integers described above is deliberately inconsistent with the present Flow Cytometry Standard which includes: unsigned binaiy integer (either 16 or 32 bits), single precision IEEE floating point, double precision IEEE floating point, and ASCII. As was argued in Section 3.1, unsigned 16 bit or 32 bit integers are sufficient to represent the data produced by all of the transducers of a flow cytometer. These transducers include: light scattering at different angles to determine cell size and granulanty, fluorescence to measure the amount of a given molecular species and sometimes the state of that species, and the two electronic parameters, cell volurne (DC) and radio-frequency impedance. The electronic parameters are presently used for commercial hematology analyzers. which are a specialized version of a flow cytometer. Two other parameters are the acquisition time of the individual cells and an enumerated type which descnbes the assignment to a cell class produced by a previous analysis of the data. The acquisition time starts at the beginning of an experiment and increases linearly.
Digital microscopy:
Although List mode data is presently associated with flow cytometry, it is directly relevant to digital microscopy. As defined in Supplement 15, the X and Y offsets in millimeters from the Origin ofthe Slide Coordinate Systern of each cell can be included as two parameters, which can be used to relocate individual cells. These cells can have specific values for individual parameters or have previously been classified. The data type of these offsets is a Decimal String of up to 1 6 characters, which is well in excess of the mechanical precision of positioning a microscope stage. In fact, the entire digital pixel data absorbance and/or fluorescence data obtained for individual cells could be stored. Present automated cytological screening systems do this for a limited number of cells, which are saved to be displayed on a high resolution color monitor for human . The separation of analytical cytology into flow cytometry and digital microscopy breaks down with laser scanning cytometry, which scans a conventional microscope slide with a laser to produce data similar to that produced by a flow cytometer12.
List Mode Data Compression:
Packing the multiparameter color vector for each cell would be desirable for expediting the transmission of and minimizing the space for archiving the list mode data. The data describing each parameter can be organized to begin and end on other than 8 bit boundaries and to only occupy the number of bits required for the data. However, this is antithetical to Req.2. However, it would be practical for data that is archived for private use.
DICOM DIRECTORIES
Our previous2 two major criticisms of FCS 3.0 were: 1) its structure is recursive. An FCS 3.0 Header section can point to a Text section which in turn can point to another Header section. and 2) placing multiple, large data files together significantly decreased the probabilities of error free transmission and even of achieving a successful transmission.
Part 10, Section 8. 1 specifies the formats for DICOM Directories. "Another example is to map the File ID naming space to a directory and its tree of subdirectories. In this case it could offer the possibility to support multiple File-sets (one per directory) oiTl the same physical medium. Each File-set would have its own DICOMDIR File. To ensure interoperability, PS 3. 12 shall specify these specific mapping rules between the directories and the File ID naming space of a File-set (including the rules to unambiguously locate the DICOMDIR File)."
The Supplement3 Pait 10 notes that, in the case of personal computer media, "a File-set ID may be defined to be identical to a volume label". It further describes the conditions for storing data, such as list mode, which are presently not part ofthe DICOM Standard. "Non-DICOM Files (Files with a content not formatted according to the requirements of this Part of the DICOM Stan-dard) may be present in a File-set." However, such files "may not be referenced by the DICOM Media Storage Directory". The DICOM File Service permits hierarchical directories. The Supplement provides a familiar example, "A DICOM File ID is equivalent to the commonly used concept of "path name" concatenated with a "file name" .An example of a valid DICOM File ID with four components shown separated by backslashes is: SUBDIR1\SUBDIR2\SUBDIR3\ABCDEFGH". Since DICOM permits foreign data formats to be included in its directories, the list mode (Section 3.4) and the tab delimited single parameter (Section 3.2.1) data formats proposed above could be presently included with other DICOM data.
DICOM EXTENSIONS
DICOM has been expanded to include Logical Observation Identifier Names and Codes (LOINC)'3 & the Systematized Nomenclature of Human and Veterinary Medicine (SNOMED)14'10. LOINC and SNOMED are supporting a collaboration with each other and DICOM that will ensure a consistent, unambiguous clinical reference terminology that builds upon the strengths of each. Both LOINC and SNOMED will be briefly described below.
LOINC:
LOINC objects are described as fields in a database13. Seven abbreviated examples from the 9,3 16 items of the LOINC database are given below in Table 3 . The LOINC'3 standard includes the timing ofthe assay, which can be a single point, for the length of a study, a fixed interval, such as 1 hour, or variable. All of the items in Table 3 are single point measurements. The LOINC code has no relation to the DICOM Hexadecimal Tag. The column, Property Measured, has values ofArbitrary Conc., which means arbitrary units. The word Length is used to described a numeric statistic for the erythrocyte size distribution. A method is not specified for many of the tests. The column CLASS below contains terms with specialized meamngs. For instance, Hematology excludes coagulation and differential counts. Serology pertains to antibodies and most antigens except blood bank and infectious agents. Cell counts include blood, CSF, and pleuritic fluid. is an extension of SGML for commerce. This leads to three possibilities for transmitting data: ) The standard CORBA Interface Definition Language, 2) present DICOM syntax, and 3) the XML syntax, which is similar to the ubiquitous HTML. Interface Definition Language is an object based language, which although it suffers from a C like syntax has improved semantics including the advantages of specifying whether objects are in (read), out (written), or inout (read-write). DICOM has the very significant advantage of simplicity. Parsing is significantly facilitated by having its types and classes described by an unsigned 32 bit integer, which can serve as a primary key. Another DICOM advantage is since it is independent of both the Object Management Group and Microsoft, it might serve as an acceptable compromise to these two competing groups. XML has the advantage of Web hype and perhaps support from Microsoft, which employs DCOM, its own proprietary product for distributed computing.
The support by the College of American Pathologists and other groups should assure that, at least, the DICOM-LOINC-SNOMED data and class definitions are used for both CORBAmed and a future medical standard based on DCOM. .
CONCLUSIONS
1 . No need to maintain a unique standard for flow cytometry.
2. FOS 3.0 should be an interim standard, which should expire 1 January, 2000. 3. Minimal additions to DICOM Supplement 15 will permit DICOM to be the standard for analytical cytology and its two modalities, digital microscopy and flow cytometry.
